Effect of vanadic anhydride and copper oxide on the development of hard porcelain composite and its antibacterial activity  by Kool, Arpan et al.
E
h
A
G
a
b
c
a
A
R
R
A
A
K
P
M
H
A
1
m
m
f
t
s
m
a
r
c
i
a
o
t
o
P
C
2
P
hJournal of Asian Ceramic Societies 2 (2014) 297–304
Contents lists available at ScienceDirect
Journal  of  Asian  Ceramic  Societies
j ourna l ho me  page: www.elsev ier .com/ loca te / jascer
ffect  of  vanadic  anhydride  and  copper  oxide  on  the  development  of
ard  porcelain  composite  and  its  antibacterial  activity
rpan  Koola, Pradip  Thakura, Biswajoy  Bagchib, Ujjwal  Rajaka, Tania  Dasa, Subrata  Kara,
opal  Chakrabortya, T.K.  Mukhopadhyayc, Sukhen  Dasa,∗
Department of Physics, Jadavpur University, Kolkata 700032, India
Fuel Cell and Battery Division, Central Glass and Ceramic Research Institute, Kolkata 700032, India
Clay and Traditional Ceramics Division, Central Glass and Ceramic Research Institute, Kolkata 700032, India
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 11 February 2014
eceived in revised form 10 June 2014
ccepted 16 June 2014
a  b  s  t  r  a  c  t
A  mullite-reinforced  porcelain  composite  with  antibacterial  properties  has been developed  using  tran-
sition  metal  oxides  by  solid  state  sintering.  The  composite  has  been  characterized  in terms  of  mullite
content,  hardness,  color  and  antibacterial  properties.  The  physico-chemical  properties  of  the  porcelain
were  substantially  increased  in the  presence  of  V2O5 and  CuO.  Well-crystallized  needle  shaped  mullitevailable online 5 July 2014
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of  average  length  ∼ 3  m  was  observed  in  the  porcelain  body  at 1300 ◦C and  1500 ◦C  after  the  addition  of
V2O5 and  CuO.  Vickers  hardness  of  the  composite  increased  4.2  times  for 2%  V2O5 at 1500 ◦C. The  porce-
lain  composites  showed  satisfactory  antibacterial  activity  on gram  negative  bacteria  Escherichia  coli  with
mortality rates  of  45% and  22%  for V2O5 and  CuO  doped  porcelain  respectively.
© 2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  byardness
ntibacterial
. Introduction
Porcelain, the foundation of the ceramic industry, is composed
ainly of ﬁne-grained clay (commonly plastic kaolin), ﬂuxes (nor-
ally feldspar) and a ﬁller (usually quartz) which is heat-treated to
orm crystalline and glassy phases [1–7]. Researchers have found
hat porcelain matrix results in a remarkable increase in mechanical
trength with partial or complete substitution of silica by alu-
ina and these types of porcelains can be used for engineering
spects [8,9]. However, optimum use of porcelain not only requires
obust strength but also some unique characteristics like desired
olor (for decorative tiles), antibacterial activity, etc. Strengthen-
ng of ceramic bodies in which clay mineral is present is primarily
chieved by high temperature sintering whereby “mullitization”
ccurs [10–12]. The effect of pyrophyllite on the mullitization in
riaxial porcelain and corresponding strength enhancement was
bserved by Mukhopadhyay et al. [13]. Few works had been∗ Corresponding author. Tel.: 9830249663.
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carried out regarding the effect of different oxides and metal ions on
the mullitization behavior and the strength of porcelain [10,14]. In
addition to the strength, Hideki Yoshida et al. observed that triaxial
porcelain glaze with incorporated silver-clay as antimicrobial agent
also showed a good antimicrobial activity using Escherichia coli
(E. coli) as test organism [15]. In several literatures, authors reported
the enhancement of mullite growth during the high temperature
sintering of different clay materials (most important constituents of
porcelain) [10–12,16,17] and alumino-silicate precursors [18–23]
in the presence of different oxides and metal ions. The effect of
the copper ions and oxides of vanadium and copper on the for-
mation of mullite from both clay and alumino-silicate precursor
and their effect on the strength of mullite were very well stud-
ied [11,12,21–23]. The antibacterial activity of copper nanoparticles
adsorbed mullite was reported by Bagchi et al. [24]. Thus, dopant
copper within porcelain matrix can show a good antibacterial
activity. Although there was no such literature on the antibacte-
rial activity of vanadium pentoxide, the photooxidation activity
of Al2O3/SiO2 on 2-propanol and propene and photooxidation of
V2O5/Al2O3 on cyclohexane were also reported earlier [25,26].
Since microorganisms, biomolecules and other cells were found to
be destroyed in the presence of photo-oxidative stress [27], V2O5
can have antibacterial activity because of its photo-oxidative prop-
erties and hence the addition of V2O5 within porcelain matrix can
also have antibacterial effect.
In our study, the effect of incorporations of vanadium pentox-
ide and copper oxide on the hardness and antibacterial activity of
alumina porcelain matrix were observed for two  sintering temper-
atures of 1300 ◦C and 1500 ◦C. The sintering temperature of 1300 ◦C
and 1500 ◦C ensures mullitization from porcelain body mix and
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Table 1a
Composition of alumina porcelain.
Name of the
porcelain
Rajmahal China
clay (kaolin)
Plastic
clay
Feldspar
powder
Alumina
powder
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Table 1b
Chemical analysis of the raw minerals (mass%).
Constituents Rajmahal China
clay (kaolin)
Plastic
clay
Feldspar Alumina
powder
SiO2 48.87 58.38 66.81 NA
TiO2 0.93 1.15 Trace NA
Al2O3 34.39 25.54 18.11 99.38
Fe2O3 0.87 0.49 0.24 0.07
CaO  1.42 0.95 1.03 NA
MgO  Trace Trace 0.23 NA
Na2O 0.1 0.13 1.69 0.09
K2O 0.23 0.63 10.94 0.03Alumina
porcelain
25% 25% 25% 25%
ence results in strength of the porcelain matrix. Porcelain matrix
tself being a non-toxic material could be used signiﬁcantly as
he substrate of an effective antimicrobial agent. The antibacterial
ctivities of copper and vanadium oxides doped alumina porcelain
intered at 1300 ◦C and 1500 ◦C were examined on E. coli bacteria
fter 24 h incubation at 37 ◦C.
. Experimental procedure
Table 1 represents the chemical composition of alumina porce-
ain body mix. The constituents are kaolin (collected from Rajmahal,
ndia), plastic clay, feldspar and alumina powder with equal per-
entages of mixing (Table 1a). The detailed composition of each
omponent of porcelain body mix  is given in Table 1b. Both the
onstituent clays and Feldspar are found to be rich in silica. Excess
lumina powder was mixed externally (hence the name alumina
orcelain) to maintain the proportion of alumina and silica to that
f stoichiometric (3:2) mullite. Moreover, some alkali metal oxides
Na2O, K2O), alkaline-earth metal oxides (CaO, MgO(trace)) and
Fig. 1. Schematic diagram for the synthesL.O.I. 12.83 12.24 0.58 0.36
transition metal oxides (TiO2, Fe2O3) are present in Rajmahal China
clay (kaolin), plastic clay and Feldspar. Fig. 1 shows the outline of
the synthesis procedure of the precursor.
5 g of alumina porcelain body mix  was dispersed in 10 ml  of
distilled water under vigorous stirring condition to prepare sample
P0.  The solution of vanadium pentoxide (Loba Chemie, India) was
added to P0 so that the mass percentages of vanadium pentoxide
to that of porcelain become 0.5% (sample-PV1), 1.0% (sample-PV2)
and 2.0% (sample-PV3). In a similar way, solution of copper sulphate
pentahydrate (Merck, India) was added into the dispersion to make
mass percentages of copper oxide to that of porcelain as 0.8% (sam-
ple PC1), 1.6% (sample PC2) and 8% (sample PC3). All these samples
were dried at 80 ◦C in an oven for 24 h and the dried precursor of
is procedure of porcelain precursor.
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causes increased mullitization [12]. However, at higher temper-
ature (1500 ◦C) since the mullitization was  almost complete, there
was little effect of vanadium pentoxide on mullite phase enhance-
ment. Fig. 4(c) and (d) shows the X-ray diffraction patterns ofFig. 2. Schematic diagram for
orcelain was sintered at 1300 ◦C and 1500 ◦C in a mufﬂe furnace
t the heating rate of 10 ◦C/min for 2 h.
Sintered porcelain composite was subjected to X-ray diffrac-
ometer (Bruker’s D8, AXS Inc., Madison, WI), Fourier transform
nfrared spectroscopy (Shimadzu FTIR 8400s) and scanning elec-
ron microscopy (LEO S-430i) to determine phase formation and
hange in microstructure due to copper and vanadium doping at
wo different temperatures. To observe the strength of the com-
osite, the hardness of the sintered sample pellets was measured
sing Vickers Hardness Tester (Leco, LV700). All indentations were
ade into polished sample surfaces. In this method, a diamond
ndenter was applied to the surface of the sample. Ten Vickers
mpressions have been made on the surface of the sample using
 load of 3 kg for 10 s [28,29]. The load was so chosen that crack
ppears on the surface of the sample pellets. The antibacterial activ-
ty of the doped and undoped porcelain at 1500 ◦C was  investigated
n gram-negative E. coli (MTCC-1652), using single colony count
ethod. Fig. 2 shows a schematic diagram for the preparation of
he culture medium.
The nutrient broth (0.1% peptone, 0.2% beef extract, 0.5% yeast
xtract and 0.5% NaCl dissolved in Millipore water with pH main-
ained at ∼7) was treated with 30 mg  of PV3 and PC2 sintered at
500 ◦C (highest available doping concentrations of vanadium pen-
oxide and copper oxide). After the inoculation, both the untreated
nd treated nutrient broths were incubated at 37 ◦C for 24 h and
hen 40 l of 104 times diluted broth was plated on nutrient agar
lates (1.8% agar containing nutrient broth). Incubation of the
lates being complete, the viable bacterial counts was enumerated
sing the quadrat plate-counting method [30].
. Results and discussion
.1. Color of the composite porcelain
Both the oxides of vanadium and copper being colored, the
oped porcelain was also found to be colored (light brown for
anadia doping and gray for copper oxide) and can be easily dis-
inguished from pure (undoped) porcelain (white in color). Fig. 3
hows the images of P0 (Fig. 3(a)), PV3 (Fig. 3(b)) and PC2 (Fig. 3(c))
ellets sintered at 1500 ◦C and further the antibacterial activ-
ty of these samples (P0, PV3 and PC2 sintered at 1500 ◦C) was
easured.reparation of nutrient broth.
3.2. X-ray diffraction analysis
The phase development in the doped and undoped porcelain
samples after sintering was  analyzed by the X-ray diffractometer
using Cu K radiation, with a scan speed of 0.1 s/step and under
an operating voltage of 40 kV. Fig. 4(a) and (b) shows the compara-
tive X-ray diffraction pattern of the samples P0, PV1, PV2 and PV3
sintered at 1300 ◦C and 1500 ◦C respectively. For the lower sinter-
ing temperature of 1300 ◦C, well-crystallized mullite peaks were
observed for both pure undoped and vanadia doped alumina porce-
lain. The diffraction peak of cristoballite (2  = 20.8◦) [31] was also
observed at 1300 ◦C but it disappears after sintering at 1500 ◦C. At
1300 ◦C, mullite formation was enhanced with increase in vana-
dium pentoxide. This is due to the fact that V2O5 melts at 700 ◦C
resulting in lowering of viscosity of SiO2 rich liquid phase and
hence facilitating the interaction between SiO2 and Al2O3. ThisFig. 3. Photographic images of the discs of (a) pure porcelain, (b) PV3 sintered at
1500 ◦C and (c) PC2 sintered at 1500 ◦C.
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eig. 4. X-ray diffraction pattern of (a) pure and V2O5 doped alumina porcelain sint
nd  CuO doped alumina porcelain sintered at 1300 ◦C and (d) pure and CuO doped 
0, PC1, PC2 and PC3 at two sintering temperatures. In case of
300 ◦C, the intensity of the mullite peaks on the diffraction pattern
ncreased up to 1.6% Cu doping. At 8.0% copper oxide doped porce-
ain, predominant glassy phase formation at 1300 ◦C suppressed the
ullitization and hence the intensity of the characteristic mullite
eaks in X-ray diffraction pattern was also reduced. The diffraction
eak of cristoballite (2  = 20.8◦) was also found to increase up to
.6% doping at 1300 ◦C. The formation of glassy phase in the pres-
nce of copper oxide at 1500 ◦C further increased which inhibitst 1300 ◦C, (b) pure and V2O5 doped alumina porcelain sintered at 1500 ◦C, (c) pure
na porcelain sintered at 1500 ◦C (,  mullite; C, cristoballite).
mullitization by exhausting silica from the system. Thus at 1500 ◦C,
the addition of copper oxide actually suppressed mullite formation
which is evident from Fig. 4(d).
3.3. FTIR analysisFTIR analysis of porcelain composite was  done in transmis-
sion mode from 400 cm−1 to 1250 cm−1. In the comparative FTIR
spectra of pure and V2O5 doped alumina porcelain sintered at
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Hig. 5. FTIR spectra of (a) pure and V2O5 doped alumina porcelain sintered at 1300 ◦
lumina porcelain sintered at 1300 ◦C and (d) pure and CuO doped alumina porcela
300 ◦C (Fig. 5(a)), bands at 510, 650, 955 and 1155 cm−1 are
resent which correspond to Al O stretching [32], AlO6 octahe-
ra [33], cristoballite [12], and Si O stretching vibrations [34]
espectively. At 1500 ◦C, Si O stretching band red shifts to 950 and
150 cm−1 (Si O stretching band) [34] respectively along with an
xtra peak at 780 cm−1 which corresponds to Al(IV) O vibration
35] (Fig. 5(b)). No extra band or band shift was observed due to
2O5 at any sintering temperatures. Upon increasing the concen-
ration of vanadia, the band due to AlO6 (650 cm−1) was  found to
ecome stronger and the Si O bands (both at 1300 ◦C and 1500 ◦C)
iminished in intensity indicating phase transformation. In case of
uO doping (Fig. 5(c) and (d)), at 1300 ◦C bands due to cristobal-
ite diminished and new bands corresponding to 615 cm−1 (AlO4)
12], 1031 cm−1 (Si O stretching) and 810 cm−1 (Si O Al stretch-
ng) [35] appeared. These bands are due to the formation of mullite
hase. At 1500 ◦C, the same bands were observed with additional
ands at 831 cm−1 (Al O stretching) and 1165 cm−1 (Si O stretch-
ng) [34] indicating orthorhombic mullite crystallization. Further
he intensity of the Si O stretching band increased with increasing
uO which indicates higher unreacted silica and consequent glassy
hase formation.
.4. Vickers hardness measurement
Vickers hardness of both the undoped and doped porcelain com-
osites were determined by measuring the size of the cracks on
he polished sample surface that emanate from the edges of the
ndent [28,29]. The Vickers diamond pyramid hardness number,
V, is deﬁned as the ratio of the applied load, F, to the pyramidal
ontact area, A, of the indentation
V = P
A
= ˛F
d2
(1)ure and V2O5 doped alumina porcelain sintered at 1500 ◦C, (c) pure and CuO doped
ered at 1500 ◦C.
where d is the length of the diagonal of the resultant impression,
and  ˛ = 0.1891 for Vickers indenter [28,29,36]. All indentation tests
were carried under ambient laboratory conditions. After indenta-
tion, the length of each of the two mutually perpendicular diagonals
of the square-shaped Vickers indentation was immediately mea-
sured by optical microscopy Olympus BH of focal length 20 mm
with a magniﬁcation of 500. Vickers hardness of the composite
porcelain was  calculated according to Eq. (2).
HV = 0.1891F
d2
(2)
where HV is the Vickers hardness, F the applied load (N) and d is
the arithmetic mean of the two  diagonal length (mm).
Fig. 6(a) and (b) demonstrates the graphical representation of
the Vickers hardness for V2O5 and CuO doped sintered porcelain
composite at the two  above-mentioned temperatures. The Vickers
hardness for both dopants was found to increase almost linearly
not only with the percentage of doping but with sintering tem-
peratures too. The Vickers hardness was increased almost 4.2 and
1.7 times for V2O5 and CuO doping respectively at 1500 ◦C. The
strength of the porcelain bodies is dependent on the interlocking of
ﬁne mullite needles [37] and increases with the increasing mullite
content [4,28,37]. The mullite needle content within the porce-
lain matrix increased with the increase in temperature which in
turn results in a larger interlocking and hence an enhancement of
Vickers hardness was observed at 1500 ◦C for both doping as com-
pared to that at 1300 ◦C. Moreover, Vickers hardness was found to
increase with the increasing doping concentrations of vanadium
and copper oxides. In case of copper oxide doping, the mulliti-
zation was  enhanced up to 1.6 mass% doping for 1300 ◦C, thus
ensuring increased strength and for 8.0 mass% doping, the strength
was very poor due to the formation of glassy phases and therefore
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sFig. 6. Variation of Vickers hardness of composite porcelain with (a) increas
as not reported here. In the case of 1500 ◦C sintering, maximum
ullitization occurred irrespective of V2O5 and CuO additions as
bserved from X-ray diffraction pattern, and the sintered porcelain
howed good strength and can be explained in terms of consolida-
ion behavior of the porcelain matrix at 1500 ◦C as well as mullite
nsertions which can be viewed distinctly from SEM micrographs.
.5. FESEM analysisFig. 7 shows FESEM micrograph of 2% V2O5 (PV3) and 1.6%
uO (PC2) doped alumina porcelain matrix sintered at 1300 ◦C and
500 ◦C. Well-crystallized dense mullite needles of average dimen-
ion of 3 m were found to form within the sintered porcelain
Fig. 7. FESEM of (a) PV3 sintered at 1300 ◦C, (b) PV3 sintered at 1500ping concentration of V2O5 and (b) increasing doping concentration of CuO.
at both temperatures. For both the dopants, the rise in sintering
temperature increased the number of embedded mullite needles
in porcelain matrix. The heads of these embedded needles can be
viewed as tiny cubes in between the needle formed on the sur-
face of the matrix. Thus, the encapsulated mullite needle within
the porcelain matrix results in increased strength (hardness) of the
porcelain matrix after doping with vanadium and copper oxides.
3.6. Antibacterial activityPorcelain matrix itself, as well as crystalline mullite, which has
been formed from porcelain matrix after sintering at higher tem-
peratures, is a well known inert and non-toxic material. Therefore,
◦C, (c) PC2 sintered at 1300 ◦C and (d) PC2 sintered at 1500 ◦C.
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Fig. 8. Bacterial colony (a) without treatment (Control), (b) after treatment with P
Table 2
Mortality of E. coli for PV3 and PC2 sintered at 1500 ◦C.
Name of the sample Antimicrobial activity (R) (%)
s
c
a
o
t
P
R
w
s
o
a
P
v
t
t
o
a
c
t
r
b
cPV3 ﬁred at 1500 ◦C 44.75
PC3 ﬁred at 1500 ◦C 21.95
intered porcelain can be used effectively as a substrate of antimi-
robial agents. To calculate the antibacterial activity of the vanadia
nd copper oxide doped porcelain, the antibacterial test was  carried
ut in triplicate and the mean values of viable counts for control and
he treated plates were analyzed. The antibacterial effect of samples
V3 and PC2 sintered at 1500 ◦C were calculated using Eq. (3) [24].
 (%) =
(
B − C
B
)
× 100 (3)
here B is the mean of the viable bacterial counts of the untreated
pecimen after 24 h, and C is the mean of the viable bacterial counts
f the specimen treated with the samples under investigation. The
ntibacterial test was performed on E. coli test organism using
V3 (sintered at 1500 ◦C) which contains the highest amount of
anadium that has a photo-oxidative antibacterial effect. Similarly
he test was performed for 1.6% doping of copper oxide (PC2) into
he porcelain matrix instead of the highest doping concentration
f copper ion because, in the case of 8.0% doping (PC3), a large
mount of glassy phase has been formed which in turn inhibits
opper ion release. The antibacterial effect of PV3 and PC2 sin-
ered at 1500 ◦C as calculated from Eq. (3) is 44.75% and 21.95%
espectively (Table 2). The antibacterial effect of other samples
eing negligible is not mentioned here. The images of the bacterial
olonies in nutrient agar medium before and after the treatmentV3 sintered at 1500 ◦C and (c) after treatment with PC2 sintered at 1500 ◦C.
with samples are given in Fig. 8. The samples PV3 and PC2 showed
antibacterial activity via direct contact inhibition, the process in
which vanadium and copper that seems to reside on the surface
of the matrix at higher temperature come in contact with the
bacterial cell in the broth and thereby rupture them. Moreover,
sustained copper and vanadium ion release from the immobilized
compounds of copper and vanadium that have formed within the
sintered porcelain matrix can also exert antibacterial effect on
freely moving E. coli bacteria within the nutrient broth.
4. Conclusions
In summary, oxides of vanadium and copper incorporation into
the alumina porcelain matrix enhanced mullitization at low sin-
tering temperature (1300 ◦C). At 1500 ◦C, mullitization reached
saturation for V2O5 doped samples but decreased for CuO due to
the formation of excess glassy phases. The Vickers hardness after
sintering at high temperature (1500 ◦C) increased due to mullite
reinforcement in porcelain matrix as well as normal consolidation
of porcelain body. Both the V2O5 and CuO doped porcelain showed
good antibacterial activities on E. coli with 45 and 22% mortality
respectively. Thus all the desired properties like color, strength
and antibacterial activity have been developed in the porcelain
body and hence can be a promising candidate for novel structural
applications.
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